The and that retained δ-ferrite originates from the incomplete transformation to austenite. 22
Introduction

27
Since the 1960s, when supermartensitic stainless steels were developed, this type of 28 alloys has found increasing use in many industries [1, 2] . Specifically in the offshore oil 29 and gas industry such alloy grades were introduced in the 1990s [3] . Supermartensitic 30 stainless steels combine high strength, good toughness as well as reasonable 31 weldability, and they achieve good corrosion performance with relatively low alloy 32 content [4, 5] . 33 The optimal properties of the material, extensively described in Refs. [2, 6, 7] , are 34 obtained by normalizing, leading to martensite transformation, followed by tempering 35 in the inter-critical temperature region, in which both austenite (γ) and ferrite (α) are 36 thermodynamically stable. The tempering treatment leads to formation of reversed 37 austenite in a finely dispersed lamellar morphology on grain boundaries of lath 38 martensite. This is accompanied by diffusion of austenite stabilizing elements into 39 austenite, which stabilize this phase to room temperature [8] [9] [10] [11] [12] [13] . Since the good 40 mechanical properties of the alloy depend on this stabilization of reversed austenite, it is 1 vital to control the compositional homogeneity of the initial martensitic microstructure 2 prior to tempering. This is particularly challenging for the cast grades, in which macro-3 and micro-segregation and the retainment of δ-ferrite from solidification and cooling 4 can lead to an inhomogeneous initial microstructure [6, 14, 15] . 5 The presence of the δ-ferrite phase can cause severe reduction of toughness and ductility 6 [16, 17] . Further, it can locally interrupt the passivation layer through Cr-depletion in 7 martensite and formation of Cr carbides near δ-ferrite, which leads to degradation of the 8 corrosion resistance [18] . Such inhomogeneity affects the nucleation and growth of 9 reversed austenite during tempering in the inter-critical region [15] . 10 In the present alloy grade, δ-ferrite is the first solidifying phase, which partially or 11 completely transforms to austenite during cooling. When retained, it is only possible to 12 dissolve δ-ferrite by extensive heat treatment, which is uneconomical and can lead to 13 undesired grain growth [19] . Addition of Ni can largely suppress the retainment of δ-14 ferrite but it is expensive and it potentially shifts the martensite start (Ms) temperature 15 below room temperature. Previous research demonstrated the influence of the chemical 16 composition and cooling-rate on the retainment of δ-ferrite [20] [21] [22] . 17 The phase distribution after solidification can be estimated by a variety of available 18 models, such as the lever rule, the Scheil Model [23] and empirical models such as the 19 Schaeffler diagram [21] . These models are easy to apply, but oversimplify the 20 mechanisms during solidification and cooling to different degrees. Less common and 21 more complex models, which can be used for solidification and cooling analysis in 22 casting or welding, are regression analysis and neural networks [24] [25] [26] . Both these 23 kinds of models are able to predict residual δ-ferrite contents accurately, but require 24 adaptation for new sets of processing parameters and are not physics based. 25
Since formation and retainment of δ-ferrite mainly occur in a temperature region in 26 which phase transformations are primarily controlled by diffusion, it should be possible 27 to predict the formation and retainment of δ-ferrite by kinetics modeling of diffusion. 28 Moving boundary kinetics models, which predict the kinetics of diffusion controlled 29 phase transformations based on constitutive diffusion and flux balance equations, a set 30 of boundary conditions, and thermodynamics and kinetics databases, can be used for 31 this purpose [27] . The aim of the present investigation was therefore to investigate the 32 applicability of the kinetics model DICTRA on predicting the formation and retainment 33 of δ-ferrite during cooling of GX4-CrNiMo-16-5-1 cast supermartensitic stainless steel. 34 The results obtained by simulation with different cooling rates were related to the 35 results of the conventional models and validated on micrographs and chemical analysis 36
of an ingot. 37
Material Characterization 1
Procedures
2
The examined cast material GX4-CrNiMo-16-5-1 with the composition given in Table 1  3 was cast in a keel block of 230 x 110 x 60/25 mm with bottom filling. The casting was 4 cut horizontally at 40 mm height to exclude the impurity-rich last solidified material 5 ( Figure 1) . A cross-section in the center of the bar was cut out, embedded, ground and 6 polished for microstructure characterization. Specimens prepared for light optical 7 microscopy (LOM) were etched in Vilella's reagent [28] . 8
The light optical microscope was an Olympus GX41 bright field microscope. The image 9
analysis for the determination of the amount of δ-ferrite in the microstructure was 10 carried out using the MATLAB Image Processing Toolbox. The micrograph was 11 filtered with a Gaussian filter, the background was determined and subtracted, 12 brightness and contrast were adjusted, and the micrograph was converted to a binary 13 image. Then all connected components in the image were determined and filtered by 14 applying a minimum area criterion. The final step consisted of manual refinement of 15 artefacts and determination of the area-fraction. 16 A JEOL 5900 scanning electron microscope (SEM) with a tungsten filament was used 17 for imaging and energy dispersive X-ray spectroscopy (EDS). The EDS measurement 18 was carried out on an area map between a set of parallel δ-ferrite stringers with 22 µm 19 distance between their centerlines. The area scans were averaged in parallel orientation 20 to the δ-ferrite stringers to yield a one-dimensional composition profile, as described in 21
Ref. [29] . This averaging procedure allowed direct comparison with the results of the 22 one-dimensional kinetics model. The acceleration voltage was 18 kV and the step size 23 for the measurement was 100 nm. The EDS-system was calibrated on pure Cu as a 24 reference just before acquisition. Under consideration of the spatial resolution limit 25 given by the interaction volume of EDS analysis, the acquired data points were 26 averaged to steps of 500 nm. 27 28 
Light optical microscopy 2
After austenitization the steel consisted of lath martensite and vermicular δ-ferrite 3 [30, 31] (Figure 2a ). The δ-ferrite was distributed uniformly over the entire 4 microstructure with varying spacing of approx. 15 to 50 µm and changed to a lace-like 5 morphology near the surface of the casting. The area fraction of δ-ferrite was 6 determined as 11 % by using image analysis (Figure 2b ). The statistical error of this 7
analysis is estimated to be ± 2 %. 8 
Energy dispersive X-ray spectroscopy 9
The EDS measurement across the phase interfaces of two parallel δ-ferrite stringers and 10 martensite (Figure 3a) showed that partitioning between the adjacent phases was most 11 evident for Cr and Ni (Figure 3b ). The average concentration of Cr and Ni within δ-12 ferrite were 21 and 2.5 wt.%, respectively. The composition of martensite was close to 13 the average alloy composition and approached the composition of δ-ferrite in a smooth 14 transition across the interface. 
Modeling
1
Modeling was applied to study the phase transformations, which led to the characterized 2 microstructure in Figure 2 and 3. The main focus was on the prediction of the 3 solidification reaction and the kinetics analysis of the subsequent solid state phase 4 transformations during cooling. Various models for the prediction of solidification 5 microstructures and phase equilibria are available and the most common ones were 6 evaluated for this purpose. 7
Conventional models
8
The Schaeffler-diagram is an empiric model that was established for the prediction of 9 weld-microstructures in 1947 [32] . It predicts phase fractions after solidification and 10 cooling based on the input of Cr-and Ni-equivalents. The alloy investigated here had 11
Cr-and Ni-equivalents of 17.6 and 6.9 wt.%, respectively. Due to an appreciable 12 amount of N in the alloy the modification by DeLong and Reid was evaluated too [33] . 13 It attributes N the same influence on austenite stability as C, which led to a Ni-14 equivalent of 9.3 wt.%. The equation of Schaeffler resulted in prediction of martensite 15 with approx. 18 % of retained δ-ferrite and a small fraction of retained austenite. The 16 formulation by DeLong and Reid led to approx. 6 % of retained δ-ferrite and more than 17 50 % of retained austenite next to martensite (Figure 4) . 18 The models, which are presented in the following, are run in Thermo-Calc/DICTRA. 19 All simulations are run with the alloy composition in Table 1 , with exclusion of S, P 20 and N. This was done because the trace elements S and P are not implemented in the 21 used databases. In the kinetics model including N led to numerical instability. 22
Global equilibrium phase fractions as function of temperature (lever rule) during 23 solidification and cooling were modeled by equilibrium calculations in Thermo-Calc 24 (database TCFE6 [34] ; phases: face centered cubic (fcc), body centered cubic (bcc) and 1 liquid). The model predicted solidification to δ-ferrite with a subsequent two phase 2 region of austenite and δ-ferrite, which extended over a span of approx. 250 °C. The 3 liquidus temperature, Tliq, and the solidus temperature, Tsol, were predicted as 1480 and 4 1457 °C, respectively ( Figure 5a ). The model gives general predictions on solidification 5
and cooling under thermodynamic equilibrium, but is not able to take the kinetics of the 6 governing phase transformations into account. 7
The Scheil module in Thermo-Calc assesses solidification by a modified version of the 8 Scheil model, that allows rapid diffusion of C in the liquid and solid (fcc and bcc). The 9 model predicted that δ-ferrite was the first phase to form during solidification. δ-ferrite 10 had increased Cr-and decreased Ni-content relative to the average alloy composition, 11 leading to Ni-enrichment and Cr-depletion in the melt (Figure 5b 
Kinetics modeling
1
The moving boundary model in the kinetics model DICTRA gives predictions on the 2 kinetics of phase transformations during solidification and cooling [27] . The model is 3 able to overcome most limitations of the previously introduced conventional models by 4 describing movement of the phase boundary, based on the rate of diffusion to and from 5 the interface. Diffusion is modelled by multi-component diffusion equations and 6 assuming local equilibrium at the phase interface. As the model is designed for 7 diffusion controlled transformations only it is not suitable for handling displacive 8
transformations as e.g. martensite formation. [37] . 9
Model initialization 10
The model was initialized with the purpose of predicting the experimentally determined 11 phase distribution and concentration profiles in Figure 3 . The solidification front was 12 defined as a one-dimensional planar geometry. The simulation commenced in a liquid 13 domain. The domain size was defined as half the length of the typical δ-ferrite spacing, 14 which in this case was 11µm, c.f. Figure 3a . Ferrite was set to nucleate in one end the 15 domain (to the left in Figure 7a ). Austenite was set to nucleate on the ferrite-liquid 16 interface, in order to allow a potential peritectic solidification reaction to take place. 17 However, the model did not predict a peritectic reaction, therefore austenite nucleated in 18 the final ferrite (to the right in Figure 7a ). All phases were required to overcome a 19 critical driving force for precipitation, -dGm/(RT) of 10 -5 , where Gm is the molar Gibbs 20 energy, R is the universal gas constant and T the temperature in K. This value is a 21 default value in DICTRA and follows the Thermo-Calc/DICTRA convention of 22 defining all driving forces dimensionless [38] . The thermodynamics database TCFE6 23 [34] and the mobility database MOB2 [39] were used. The choice of spatial and 24 temporal discretization was determined by evaluating the trade-off between spent 25 computational time and reasonable physical representation of the phase transformations. 26 The calculations were thus carried out with a linear spatial resolution of 80 cells, i.e. a 27 discretization of 137.5 nm, and a maximum time step of 0.1 s. For lower temporal and 1 spatial resolutions numeric instabilities occurred. The stability of the numeric 2 simulation was enhanced by using a fully implicit scheme and by variation of the 3 chemical activities instead of chemical potentials. 4
The kinetics model DICTRA requires the input of cooling rates to simulate the time and 5 temperature dependent phase transformation kinetics. In order to obtain a cooling rate, 6 which resembled the actual cooling rate during casting, a simulation of solidification 7
and cooling of the actual casting geometry was carried out in a casting process 8 modelling software (MAGMA5) using the keel block geometry and with material 9
properties calculated in JMatPro. The procedure for this and application examples are 10 described in Ref. [40] [41] [42] . The resulting cooling curve was separated into three parts, 11 each fitted by a 2 nd order polynomial fit, which together resulted in the non-linear 12 cooling curve in Figure 6 . To analyse the effect of cooling rate on the phase distribution 13 an additional set of four constant cooling rates were selected for input to DICTRA. 14 These four linear cooling curves were chosen so that they matched the varying cooling 15 conditions in the casting process modelling software (see Figure 6 ). 16 
Solidification and cooling prediction 17
According to the kinetics model, the melt solidified as δ-ferrite in the solidification 18 interval Tliq to Tsol of 1480 °C to 1449 °C. Solidification to δ-ferrite led to micro-19 segregation, but this was homogenized within 2 to 3 s (corresponding to a temperature 20 change of approx. 70 °C) before austenite nucleated. Austenite then formed from δ-21 ferrite at 1389 °C. Because of the immediate homogenization of δ-ferrite after 22 solidification, the choice of nucleation site, either at the left domain boundary, the right 23 domain boundary, or the right boundary of ferrite, did not affect the nucleation and 24 growth of austenite. Growth of austenite led to significant partitioning of the major 25 alloying elements Cr and Ni (Figure 7a ), which increased with further cooling. It is 26 noted that the minor alloying elements were also subject to partitioning. The maximum 27 transformation rate was reached at 1275 °C. Upon further cooling the transformation 1 slowed down and 17 vol.% of δ-ferrite was retained after cooling to 800 °C ( Figure 7b ). 2
At lower temperatures numerical instabilities were experienced. were simulated to investigate the effect of the cooling rate on the ferrite to austenite 6 transformation ( Figure 6 ). 7
The analysis revealed that slower cooling led to lower fractions of retained δ-ferrite 8 ( Figure 7b) . Comparison of the linear cooling curves with the modeled non-linear 9 cooling curve showed that the maximum transformation rate of ferrite to austenite 10 occurred between 1300 and 1200 °C. 11
In order to illustrate the kinetics of the described phase transformations and to 12 demonstrate the effect of cooling-rate, the course of the transformations vs. temperature, 13 as shown in Figure 7a for the non-linear cooling curve, is available for the fastest 14 cooling rate, 8.5 K.s -1 (Video 1), and the slowest cooling rate, 2.5 K.s -1 (Video 2). 15
Discussion
16
The discussion focuses on the predictions of solidification and cooling obtained from 17 the kinetics model based on the characterized microstructure in Figure 3a and the results 18 from the other evaluated models. An overview of the measured and predicted 19 solidification temperatures and solute partitioning is given in Both the kinetics model and the lever rule predicted complete solidification to δ-ferrite 20 and subsequent nucleation of austenite, whereas the Scheil model predicted peritectic 21 solidification, in which austenite nucleates at the interface of δ-ferrite and the melt 22 ( Figure 5 ). The deviating prediction of the Scheil model is based on the above 23 mentioned overestimation of micro-segregation. It is apparent from Figure 8 that the 24 different solidification reactions have an influence on the predicted solidus 25
temperatures. The nucleation of austenite in peritectic solidification has a retarding 26 effect on solidification, which is evident from the kink in the Scheil solidification curve 27 at 92 % of solidification ( Figure 8 ). 28 
Transformation kinetics and mechanisms 3
After solidification to δ-ferrite with almost immediate homogenization of the segregated 4 microstructure, nucleation and growth of austenite at the last solidified material led to 5 severe partitioning during cooling (Figure 7a ). The maximum growth rate of austenite 6 was at 1275 °C. Upon further cooling, the growth rate decreased and δ-ferrite was 7 retained (Figure 7b ). 8
The model showed, that the nucleation and growth kinetics of austenite are independent 9 of the defined nucleation site, because of complete compositional homogenization in δ-10 ferrite before nucleation of austenite. Assuming that this prediction is valid, austenite is 11 still expected to nucleate at the last solidified melt, as the interfaces of solidified δ-12 ferrite grains facilitate potent heterogeneous nucleation sites. Such nucleation sites 13 would then imply that retained δ-ferrite in the microstructure in Figure 2a to some 14 degree corresponds to the first solidified material. The δ-ferrite pattern could indeed 15 correspond to the cores of partially transformed δ-ferrite dendrites, as observed for a 16 similar microstructure in Ref. [43] . Alternatively it could resemble a cellular 17 solidification structure, or even a microstructure that is not directly related to the 18 solidification microstructure, but influenced by the temperature gradient during the 19 ferrite to austenite transformation. Further research is required to accurately relate the 20 as-cast microstructure to the solidification microstructure at high temperature. 21
The initial partitioning after the nucleation of austenite (fcc) led to enrichment of Cr and 22 depletion of Ni in ferrite (bcc). In order to achieve full transformation of δ-ferrite to 23 austenite at lower temperature, the concentration profile is required to flatten. This 24 requires diffusion of Cr from ferrite into austenite and diffusion of Ni from austenite 1 into ferrite. It is well known that diffusion of Ni and Cr occurs slower in fcc than in bcc 2 [9, [44] [45] [46] [47] . The decrease of the diffusion rate during cooling thus kinetically freezes the 3 transformation, so that δ-ferrite is retained. 4
The equilibrium calculations revealed a temperature interval of approx. 400 °C for the 5 austenite single phase region over the cooling sequence (Figure 5a ). The strong 6 divergence from the prediction of the equilibrium model and the characterized 7 microstructure emphasizes, that kinetics play a vital role in the ferrite to austenite 8 transformation during cooling, and that the equilibrium based models are thus no 9 appropriate method to predict the as-cast microstructure. 10
Fraction of retained δ-ferrite and partitioning 11
The predicted amount of 17 vol.% retained δ-ferrite at 800 °C from the kinetics model is 12 in reasonable agreement with the measured 11 vol.% ( Figure 2 ) and the predicted 13 concentration profile by applying the kinetics model was in excellent agreement with 14 the measured concentration profile in the as-cast microstructure ( Figure 9 ). Since the 15 concentration gradient in austenite during cooling cannot be fully homogenized, it is 16 retained when the transformation comes to a halt. This gradient, even though less 17 prominent, could be measured with EDS analysis in martensite ( Figure 9 ). The δ/γ-18 interface almost completely halted at 800 °C, which implies that no significant change 19 in phase fraction and elemental concentration is to be expected below this temperature 20 ( Figure 7b ). 21
Discrepancies between the results of the model and the measurements could be caused 22 by the limitation of the model to a single spatial dimension, whereas heat flow, 23 diffusion, and consequently grain growth in fact occur in three dimensions. Furthermore 24 the δ-ferrite area fraction determined by image analysis (Figure 2b ) was estimated to 25 comprise a statistical error of ± 2%. The amount of predicted retained δ-ferrite by using 26 the kinetics model would certainly have been further reduced, if N was included in the 27 composition for the kinetics model. As previously stated, this was not possible due to 28 numeric instability. Ma et al. in fact showed in an extensive experimental study that 29 addition of N is an effective way of reducing the δ-ferrite content in lath martensite, 30 which however promotes formation of Cr2N precipitates during tempering [48] . Also 31 the Schaeffler diagram predicted 18 % δ-ferrite without considering the addition of N, 32 and 6 % δ-ferrite by including the effect of N, according to DeLong and Reid [33] . The 33 latter prediction however also led to an extensive overestimation of the stable fraction of 34 austenite. 35
Another simple method of predicting the composition of δ-ferrite in the as-cast 36 microstructure for the present alloy, was by determining the Cr and Ni concentration of 37 metastable ferrite by equilibrium calculations at 800 °C, approx. 50 °C above the A3-38 temperature (Figure 5a ). The prediction was fairly accurate, because the local 39 equilibrium at the interface approximately followed the global equilibrium (Figure 7a) . 40
Further investigations are necessary to investigate, whether this method is generally 1 applicable to other alloy systems. 2 
Systematic variation of cooling rate
3
Slower cooling led to the prediction of less retained δ-ferrite. The transformation curves 4
in Figure 7b show, that the temperature interval of 1300 to 1200 °C is of particular 5 importance for reducing the amount of retained δ-ferrite. This becomes apparent when 6
analyzing the transformation kinetics of the non-linear cooling rate (Figure 6 ), which 7 initially is the fastest cooling rate and consequently yields the slowest transformation 8 rate. By a decrease in cooling rate in the interval 1290 to 1200 °C rapid transformation 9 of ferrite to austenite occurs, which results in the highest transformed fraction at the end 10 of the simulation (Figure 7b ). This temperature interval is approx. 100 K above the A4 11 temperature, which is the temperature at which δ-ferrite becomes present as a second 12 phase next to austenite in global equilibrium (Figure 5a ). The fast transformation in this 13 temperature interval is caused by the concurrent presence of a high driving force for 14 austenite formation and sufficiently high diffusion coefficients to drive the 15 transformation. 16 The influence of varying cooling rates in the range of 1 to 45 K.s -1 on the amount of 17 retained δ-ferrite for austenitic stainless steels of various Cr-and Ni-equivalents was 18 investigated experimentally in Ref. [20] . It was concluded that the composition had the 19 strongest influence on the amount of δ-ferrite. Furthermore slower cooling, when fully 20 solidifying as δ-ferrite or in a peritectic reaction, led to smaller fractions of retained δ-21 ferrite. The authors concluded that the time spent in the γ+δ two phase region was 22 responsible for this effect. This temperature region is in excellent agreement with the 23 identified temperature interval of 1300 to 1200 °C by using kinetics modeling. 24
This observation has important implications for practical possibilities of homogenizing 1 a casting, after δ-ferrite has been retained during cooling. Since the temperature region 2 of fastest δ-ferrite to austenite transformation rate is not within the austenite single 3 phase region and practically difficult to achieve in industrial heat-treatments, it is not 4 possible to fully transform δ-ferrite within this region. Consequently the temperature 5 range below the A4-temperature has to be applied, which facilitates rather slow 6 transformation kinetics. Thus it is of great importance to avoid the retainment of δ-7 ferrite from solidification and initial cooling, and kinetics modeling can be used as a 8 tool to achieve this. Research on the application of kinetics modeling to predict the 9 kinetics of homogenization of δ-ferrite after solidification is ongoing. 10
Close to 800 °C the A3-temperature of 746 °C is approached, which corresponds to a 11 steady increase of the driving force for ferrite formation. This may have contributed to 12 the instability of the simulations, which were run below 800 °C. 13
Relation between domain size and cooling rate
14
The kinetics model predictions for a certain cooling rate were found to depend strongly 15 on the chosen domain size. At too large domain sizes relative to the cooling rate the 16 transformation halts before soft impingement takes place at the δ-ferrite centerline, 17 which leads to too high predictions of the δ-ferrite phase fraction and strong 18 concentration profiles inside the δ-ferrite. 19
In reality, the domain size is coupled to the cooling rate. Solidification theory states that 20 the secondary dendrite arm spacing, which is anticipated to be directly or indirectly 21 related to the δ-ferrite spacing, and thus half the simulation domain, is inversely 22
proportional to the square root of the liquid/solid interface velocity, which is determined 23 by the cooling rate [49] . 24 In the present analysis the measured δ-ferrite spacing of 22 µm was adequate in relation 25 to the modelled cooling rates. Experiments to calibrate the relation between cooling rate 26 and δ-ferrite spacing, as well as the relation of the δ-ferrite to the solidification 27 microstructure at high temperature, are planned for future research. 28 Fig7a_800degC.csv -Cr-and Ni-content, x, vs. distance, d, at 800 °C determined by using kinetics modeling for the fitted cooling curve in Figure 6 . The phase-interface is at the discontinuity of the concentration profiles.
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Fig7a_950degC.csv -Cr-and Ni-content, x, vs. distance, d, at 950 °C determined by using kinetics modeling for the fitted cooling curve in Figure 6 . The phase-interface is at the discontinuity of the concentration profiles.
Fig7a_1000degC.csv -Cr-and Ni-content, x, vs. distance, d, at 1000 °C determined by using kinetics modeling for the fitted cooling curve in Figure 6 . The phase-interface is at the discontinuity of the concentration profiles.
Fig7a_1200degC.csv -Cr-and Ni-content, x, vs. distance, d, at 1200 °C determined by using kinetics modeling for the fitted cooling curve in Figure 6 . The phase-interface is at the discontinuity of the concentration profiles.
Fig7a_1350degC.csv -Cr-and Ni-content, x, vs. distance, d, at 1350 °C determined by using kinetics modeling for the fitted cooling curve in Figure 6 . The phase-interface is at the discontinuity of the concentration profiles.
Fig7b.csv -Volume-fraction of δ-ferrite, fδ, vs. temperature, T, for the cooling curves in Figure 6 determined by using kinetics modeling
Fig8.csv -Comparison of the solidification curves, predicted by using the equilibrium model, the Scheil model and the kinetics model
